Imaging of oxygen saturation provides a spatial map of the tissue metabolic activity and has potential in diagnosis and treatment monitoring of breast cancer. Oxygen-saturation imaging is possible through near-infrared (NIR) tomography, but has low signal-to-noise ratio (SNR). This can be augmented by using NIR tomography as an add-on to MRI. Presented are results from a free-standing NIR system and a hybrid MR-guided system for breast imaging. In results from imaging 60 healthy volunteers in the initial NIR system, oxygen saturation was a significant discriminator between the BIRADS classifications of adipose tissue, heterogeneously dense, and extremely dense tissue. By using the MR-guided NIR system, more accurate tissue-specific data were obtained on adipose and fibroglandular volumes, with 11 healthy volunteers. In these data, oxygen saturation in the adipose tissue correlated with percentage of adipose tissue. In two case studies of infiltrating ductal carcinomas, oxygen saturation was reduced at the site of the tumor, as compared with the surrounding healthy tissue, agreeing with conventional thought that hypoxia exists in larger solid tumors. The MRI-guided NIR images of oxygen saturation provide higher resolution and superior SNR and will likely be used in the future to study and characterize specific tissue volumes. Antioxid. Redox Signal. 9, 0000-0000.
INTRODUCTION TO NIR SPECTROSCOPY AND TOMOGRAPHY
A BSORPTION OF NIR bands of light by oxyhemoglobin (HbO 2 ) and deoxyhemoglobin (HbR) and water in breast tissue is low enough to allow penetration and hence imaging of up to a dozen centimeters into tissue (5) . Light propagation through tissue in this wavelength band is scatter-dominated, and these scattering events occur because of differences in the index of refraction between cell organelles and across membranes. By sampling light reflectance and transmittance around the breast at multiwavelengths, and by using a suitable model for light propagation along with known spectral signatures, twodimensional (2-D) and three-dimensional (3-D) images of a functional nature directly relating to vascular and molecular architecture of the breast are obtained (22, 43) . These images comprise typically five parameters, which in 2-D are coronal slice images of (a) the concentration of total hemoglobin; (b) concentration of water; (c) the oxygen saturation; (d) the scatter amplitude; and (e) the scatter power. The latter two parameters are obtained from an empiric Mie theory approximation to the shape of the reduced scattering spectrum. More recently it has been shown that the scatter power and density can be converted into average scatter particle size and particle density (79, 80 Each of these parameters provides a subtly different measure of the status of the tissue. Much of the focus of development in this area has been on imaging malignancies, which have high amounts of neovasculature resulting in increased hemoglobin content, when compared with normal tissue (56, 72) . The conventional view is that an increased demand for oxygen supply is present in the tumor, resulting in lower oxygenation (31, 77) , and this is observable from NIR imaging because the supply of oxygenated blood is lower than the demand for supplying oxygen, and the overall bulk tissue value of oxygen saturation appears lower. Cancer cells stimulate rapid endothelial cell proliferation, and on a cellular level, differences between cancers and normal tissue include multinucleation, structural distortion, and membrane and mitochondrial variations (72) . All these result in changes in scattering with wavelength.
Tomography with light in the NIR wavelength band has the ability to provide low-resolution images directly relating to the vascular and cellular makeup of tissue. This complements traditional imaging techniques, which rely primarily on the structural architecture of tissue to provide information. Whereas NIR optical tomography has found research applications in the study of brain function (30, 32, 70) , and skin (45) , muscle (27) and breast tissue (56, 72) , it could also have a unique niche in diagnostic imaging for breast cancer. NIR spectral tomography provides a different perspective through the vascular images that can reduce the numbers of these biopsies. A current area of research, which may prove to be the major pathway for NIR to be introduced into current clinical practice, is through coupling with existing imaging systems. For example, MRI is the most advanced modality to image complex breast tissues and has extremely good sensitivity, yet suffers from moderate specificity, leading to high false-positive rates (25, 50) , which ultimately results in larger numbers of unnecessary biopsies of benign lesions. Using NIR in addition to MRI is discussed here and shown to provide more information, such as oxygen saturation, to the imaging-system capability.
Role of oxygen saturation in breast cancer diagnosis and treatment:
The role of oxygen saturation in diagnosis has been well theorized (31) but elusive to measure and interpret. As a solid tumor progresses, angiogenesis produces a leaky and abnormal vasculature that is characterized by hypervascularity at the tumor periphery, whereas the tumor center can be hypovascular (40) . The hypoxic fraction that develops at the core of the tumor because of the metabolic imbalance between oxygen supply and consumption, as well as pressure buildup, cannot be predicted on the basis of tumor stage or grade (76) , although it does depend critically on the whole-blood hemoglobin levels (78) . Hypoxia also relates to therapeutic concerns for cancers: response to radiotreatment (49) and prognosis and metastasis (6) . In addition, the oxygenation of fibroglandular tissue itself may be different from less metabolically active adipose tissue. This complicated picture of oxygen saturation as a diagnostic parameter has been reflected in numerous studies. Recent publications (16, 18, 29, 34, 64, 66) have shown results from multicenter clinical trials using a range of NIR imaging/spectroscopy techniques and differing numbers of wavelengths (lower limit, 2 wavelengths; upper limit, steady-state broadband spectra), with two of the studies (29, 64) involving a number of subjects (N Ͼ 100). Whereas deoxyhemoglobin concentration was shown to be a significant discriminator in some of these studies (16, 34) , oxygen saturation itself has not been a statistically significant discriminator in any of them, between malignant and normal/benign tissue. Chance et al. (18) showed that oxygen saturation, when combined with total hemoglobin, could give sensitivity and specificity figures of 96% and 93%, respectively, for detection of malignant relative to benign tissue. By using NIR spectroscopy to follow a patient responding to neoadjuvant chemotherapy, oxygen saturation was found to increase over a 10-week course of treatment (35) . In an alternate study evaluating the potential of NIR tomography to monitor treatment, total hemoglobin decreased with treatment cycles, corresponding to tumor-volume decrease; oxygen saturation also decreased significantly after the fifth cycle (20) . Other than Spinelli et al. (64) , who used size estimates from histopathology to recover images, none of the other studies used information from any other imaging modality in image reconstruction.
Ratiometry for oxygen-saturation measurement and extension to imaging
Oxygen-saturation measurements at microscopic levels are possible through a variety of techniques: Eppendorf electrodes, laser Doppler flowmetry, cryospectrophotometry, and polarographic measurements, to name a few (23) . These techniques provide localized measurements mostly on experimental tissues, and some, only on ex vivo samples. At a macroscopic level, oxygen saturation of arterial blood can be measured routinely through pulse oximeters, which rely on sampling the absorption of oxy and deoxyhemoglobin at two wavelengths (usually 660 and 940 nm), and having a self-calibrating way to assess the oxygenation based on the ratio of absorbances on and off of the pulsatile flow of the artery. Pulse oximeters are used widely to monitor arterial oxygen-saturation levels in patients undergoing anesthesia, surgery, intensive care, and asthma, etc. (47) . The principle of the oximeter is strictly valid only for pulsatile flow, such as is observed in the arteries, and when suitably calibrated, they yield measurements with high signal-tonoise ratio (SNR). The use of ratiometric data is a stable way to measure, assuming stable light sources such as diode lasers or light-emitting diodes. However, movement artifact or poor coupling to the tissue are the two largest problems in use of these devices, as the light transmission through the tissue is significantly affected by the tissue geometry and the surface shape of the tissue.
Imaging of oxygen saturation without reference to pulsatile flow requires a model-based interpretation of the measurements, and diffusion theory-based simulation of the light propagation is almost universally used because of its ability to produce tractable solutions. NIR tomography with multiple wavelengths has been implemented in many forms with varying numbers of wavelengths, geometries, and source-detector functionalities.
Much focus has been placed on directly measuring the optical path length through tissue by using time-resolved or frequencydomain spectroscopy, and using these information-rich data to predict the absorption coefficients quantitatively at multiple wavelengths, and then estimating the hemoglobin values from this. Unfortunately, this approach does not lend itself well to ratiometric methods, because multiple measurements are used with the model-based recovery of parameters, and when the absorption coefficients are recovered, the averaging of the noise reduces the ability to use ratio data. However, spectral fitting with constraints placed on the bounds of possible hemoglobin concentrations and oxygen-saturation values provides a very workable solution.
Strengths and weaknesses of NIR oxygen-saturation imaging
Quantitative NIR spectroscopy studies of bulk homogeneous tissues such as muscle have shown great promise and accuracy in reporting blood oxygen-saturation values (14, 27) , and as such, the potential information from NIR spectroscopy seems rich and very useful. The problems associated with NIR imaging all become more apparent when the tissues studied are inhomogeneous (19, 33, 37, 71, 85) and when the spectral resolution of the instrument is lower. Imaging inherently requires more measurements than spectroscopy, which can be achieved with a single-measurement data set (67, 68) . Imaging with NIR is inherently ill posed, because of the diffuse propagation, and so the ability to accurately image different tissue volumes is modest, and becomes worse as the tissue volume becomes smaller and more deeply located. Additionally, many studies have focused on technologic designs that use only a few wavelengths, for simplicity and cost reasons, yet it is becoming apparent that the ability to image oxygen saturation with only a few wavelengths in a complex tissue volume is very poor (68) . Yet although the accuracy is low, the repeatability is high (57, 63) , such that these systems can be used to track relative changes in response in functional studies of tissue.
The ideal NIR system would use multiple wavelengths of light, obtaining broadband data sets across a large range of the usable spectrum from 650 to 950 nm (12, 82, 83) . The ideal system would also not focus too much on trying to image, but rather on using regions defined by something else, and simply reconstruct oxygen-saturation values of several predefined regions. This concept of using prior information from another modality such as MRI appears strong, although clearly it makes sense only if use of that secondary imaging modality is feasible (8, 48, 84) .
NIR Spectroscopy and tomography as an add-on to MR imaging
A multimodality MR-guided NIR optical tomography system has been developed and is being evaluated as a potential way to use prior information from the MRI to recover well-defined volumes of oxygen saturation. The concept of combining NIR with MRI is not really to improve NIR per se, but rather that NIR can add functional information to that which MRI does not already have. The use of MRI for screening of high-risk population and diagnosis holds promise because of its high sensitivity (26, 28, 38, 39, 41, 50, 51) . However, reported specificity figures for MRI vary from 37 to 97% (50) , and most positively-enhancing features in a breast MRI examination require additional biopsy, thereby limiting the cost-effectiveness of the examination. NIR imaging provides unique information relating to the metabolic and vascular status of the breast regions and could be used to characterize regions that enhance with MRI. Whereas NIR imaging by itself has from poor resolution and limited penetration, prior structural knowledge can significantly enhance the quantitative estimation of the values (55, 61) . MR imaging can clearly image factors related to blood oxygen, as studied extensively in the blood-oxygen level-dependent (BOLD) effect imaging done in functional tissue-activation studies, in which blood-oxygen changes can be quantified in large tissue regions because of the magnetic moment of deoxyhemoglobin. This effect is useful in measuring changes in deoxyhemoglobin and yet is not well calibrated in diseased tissues, where the blood oxygenation changes are not independent of the blood-volume changes. Still given sufficient imaging time, MRI can also be used to image flow, water diffusion, or specific spectroscopic parameters of magnetic nuclei. NIR, although quite different, has, in comparison, high sensitivity but less spatial resolution.
A hybrid approach using NIR tomography as a moderatecost add-on to traditional MR systems has been developed to counteract these limitations and is attractive for its vascular sensitivity, with high intrinsic contrast (53) and potentially high resolution from the MR images (11) . Combining NIR imaging into standard MR examinations could improve sensitivity and reduce the current high false-positive rates of MRI. Potentially, this multimodality system could overcome low-SNR problems with oxygen-saturation imaging and provide more accurate characterization of diseased and normal tissue; it is currently being evaluated in clinical studies for this role.
Outline of this article
In this article, a review of the capabilities of a stand-alone NIR optical tomography system are outlined, as well as a unique hybrid MR system with the NIR instrument added on. Both these systems have been well characterized through experimental studies (11, 44) and have been used to image human subjects (9, 66) in clinical trials at the Dartmouth Hitchcock Medical Center. The oxygen-saturation results are shown as an indicator of the ability to image the influence of low partial pressures of oxygen in tissue with NIR signals. Also shown are statistically significant correlations of oxygen saturation to radiographic density of breast tissue in vivo from a study of 60 healthy subjects, and the oxygen saturation and tissue composition in vivo from 11 healthy subjects are shown by using the hybrid MR-guided optical system. Case studies of volunteers with malignancies have been analyzed by using both systems to study the heterogeneity in the functional images for subjects with cancers. Although NIR is not used clinically for breast imaging, it has gained acceptance in niche uses for brain imaging and will likely succeed in breast-cancer imaging in the near future.
METHODS AND MATERIALS

Stand-alone NIR optical tomography system
The stand-alone NIR system built at Dartmouth and documented by McBride et al. (42, 43 ) is a multiwavelength frequency-domain instrument allowing amplitude and phase measurements around the periphery of the breast. In brief, the automated NIR tomography device was constructed to obtain anatomically coronal slices of the breast by means of fiberoptic bundles. The fibers are arranged in a circular array (with both radial and vertical degrees of freedom) and have the capability to collect data in three slices of tissue from sets of 16 source and 15 detector locations (see Fig. 1 ). Intensity-modulated light (at 100 MHz) at six discrete wavelengths between 660 and 850 nm is used to allow multispectral interrogation of the breast. Detection is accomplished by high-gain, high-bandwidth photomultiplier tubes, and the detected light is electrically mixed with a reference signal to yield a low-frequency (500 Hz) signal that is recorded by the computer. The measured data are calibrated to account for small offsets due to sourcedetector fiber transmission, alignment characteristics, and errors in discretization or model-data mismatch. By fitting the measurements to a homogeneous calculation of the diffusion equation on a circular geometry (of relevant size), an initial estimate of the optical properties can be obtained. This initial estimate is used in the reconstruction on which the calibrated data are processed by a finite-element model of the optical-diffusion equation in the frequency domain (52) .
MR-guided NIR tomography system
The NIR system was designed as an add-on to MRI so that frequency-domain measurements at multiple wavelengths can be obtained simultaneously with the MRI examination as the subject lies prone in the magnet. Details of the system have been described elsewhere (11) . In brief, the optical instrumentation uses long silica fibers for light transmission at six wavelengths (660-850 nm). Similar to the stand-alone system, intensity-modulated light is passed through each source fiber (total of 16 sources) and corresponding 15 detector fibers that record light measurements after interaction with tissue, by using high-gain photomultiplier tubes. The fibers extend into the body of the 1.5-T whole-body MRI and interrogation of up to 12 cm of tissue is anticipated, with flexible positioning along vertical direction to obtain multiple coronal slices of measurements. Figure 2a shows the electronics of the optical system, which stays outside the room housing the MR unit. Figure 2b shows the circular configuration of the source-detector fibers, and a volunteer being imaged in this hybrid system is shown in Fig. 2c .
Image reconstruction
With these measurements, imaging is carried out by using algorithms based on a finite-element model to the diffusion equation (22, 52) for both systems. Both systems also use spectral priors relating to absorption shapes of the dominant chromophores in the breast tissue and behavior of scatterers in the NIR wavelength band to compute the images (69) . This is done by using multiwavelength data simultaneously to reconstruct directly for total hemoglobin, oxygen saturation, water content (in percentage), as well as scattering parameters given by scatter amplitude and scatter power defined from the relation (Ј s ϭ A Ϫb where Ј s is the reduced scattering coefficient as a function of wavelength and A is the amplitude, b is scatter power in this power relation) (46, 74) . Spectral priors have been shown to reduce crosstalk between the images as well as the sensitivity to noise in the measurements (21, 69) . For the MR-guided optical system, the theoretic formulation has been modified to incorporate the spatial structure from MRI into the image reconstruction by using optical data (7). This is done through a SRINIVASAN ET AL. 4
FIG. 1. (a)
Photograph of the stand-alone NIR tomography system computer and light generation and detection modules. As shown in (b), the patient lies prone on this examination table with breast pendant through an opening. Underneath the bed, (c) the motorized fiber optic array is brought into contact with the breast.
laplacian-type operator that uses the MRI spatial structure and boundaries between tissue types to guide the optical image reconstruction. The image reconstruction solves an inverse problem where the spatial maps of the chromophore concentrations and scatter parameters are obtained based on the periphery measurements of amplitude and phase of light fluence. The use of priors limits the solution space of this inverse problem, making it robust, and increases the spatial resolution of the functional images to that of the T 1 -weighted images; our studies (10) have shown that implementation of these priors is the key to obtaining quantitatively accurate functional images from optical measurements. The chart in Fig. 3 shows the steps involved in obtaining images from the MR-guided optical tomography system. In this article, 2-D images have been displayed and analyzed, but 3-D image reconstruction also is feasible by using the same measurements.
Human subjects
The Dartmouth Internal Review Board approved the clinical study protocol for all subjects imaged in both systems, and informed consent was obtained from the volunteers before the examination. The study included imaging normal volunteers (without any mammographically detected abnormality) as well as volunteers with abnormalities at the Dartmouth Hitchcock Medical Center. For all subjects, the approximate plane of tumor was marked before the examination by a radiologist (S.P.), so that the optical data could be obtained in the plane or as close to it as possible. For normal subjects, the plane was defined in a similar manner, just with a mock plane defined to image in. During the examinations, a registered nurse guided the subject onto the imaging table, placing the breast through the hole and adjusting for optimal positioning of the optical fibers into the plane of the suspected abnormality. The contact of the optical fibers was achieved based on subject comfort and use of pressure sensors so that mild compression was limited to contact of all fibers. After imaging, all abnormal mammograms were interpreted to again specify the malignancy and location, and pathology studies were completed on the excised tumor tissues, giving information regarding the tumor histologic type, grade, and size.
RESULTS
These results have been classified into two sections: Section I shows results obtained using the stand-alone NIR tomography system, and Section II shows results of using the hybrid MR-NIR tomography system. Data obtained from experiments and clinical studies are shown, comprising measurements from both healthy volunteers and volunteers with abnormalities. The data are presented in a somewhat historical order, showing the capabilities and limitations of quantifying oxygen saturation first, without MRI guidance, whereas diffuse tomography is used to recover low-resolution images. Then in the second half of the results, the MRI-guided images and data of NIR tomography are presented and interpreted. 
Section I: Using stand-alone NIR tomography system
Oxygen dissociation curve. In malignancies, the pO 2 values are presumed to be Ͻ20 mm Hg, although this clearly depends on the tissue type and lesion size (77) . However, this is an important parameter for oxygen-saturation imaging, because the oxygen itself is not imaged, but the spectral changes in hemoglobin due to the binding status with oxygen, and additionally, the hemoglobin is predominantly confined to the vascular space where the oxygenation level is highest. Because the oxygen saturation of the tissue is related to the partial pressure of oxygen in the tissue by the Hill or oxygen-dissociation curve, measurement of the Hill curve can give a good idea of the sensitivity of the imaging system to low pO 2 values. To characterize this curve for the system, data were acquired by using a phantom solution containing 1% whole blood and 1% Intralipid in saline, in a thin-walled plastic container, 70 mm in diameter. Intralipid is a commercially produced medicinal nutrition supplement that has well-characterized sizes and scattering parameters and is commonly used throughout NIR studies to simulate the scattering properties of soft mammalian tissues (54). The 1% whole blood was found to have 18 M hemoglobin, and the oxygenation of the solution was reduced by varying the pO 2 values from 150 to 0 mm Hg by addition of yeast. The pO 2 was independently measured by using a chemical microelectrode, after calibration of the electrode overnight in saline solution. By varying the pO 2 gradually, with a small amount of yeast and making measurements over this period, the pO 2 eventually was reduced to zero, and a complete set of data over the required range was obtained. Measurements of this phantom at six wavelengths and image reconstruction gave Hb T , S t O 2 , water, scatter amplitude, and scatter power images from which the mean and standard deviation have been plotted in Fig. 4a . The oxygen saturation in Fig. 4a follows the theoretical Hill curve (75) reasonably well, with a mean error of 7.7%, with the worst accuracy close to zero pO 2 (possibly due to noisier data, owing to high deoxyhemoglobin absorption at the lower wavelength, 661 nm) and considerably higher accuracy when it is Ͼ80% saturation. For pO 2 Ͻ20 mm Hg, oxygen saturation is still accurate to within 15%, with a low standard deviation in the images. Interestingly, in this type of imaging, although the accuracy could be off by 7-15%, the repeatability is exceptionally good, such that calibration approaches might be used to adjust from one level to another. However, addition of more wavelengths or better spatial localization of the interior regions is also well known to improve accuracy, as is studied later. With variation of pO 2, the total apparent hemoglobin concentration stayed approximately constant (Fig. 4b) , with a mean value of 17.5 Ϯ 2.1 M, which is within 97% of the true value given earlier, the water exhibited a mean value of 94.2 Ϯ 8.3%. Both parameters showed some crosstalk at pO 2 values Ͻ11 mm Hg, which is possibly unavoidable because of the limited number of wavelengths used in these data (six total). The scatter 
FIG. 3. Flowchart showing the approach to multimodality MR-guided optical imaging.
Optical measurements of amplitude and phase are obtained from the periphery of the breast after shining light through lasers at six different wavelengths, in parallel with the MR examination. The MRI is used to create patient-specific meshes with prior knowledge of tissue boundaries (adipose, glandular, and tumor areas) and by using these spatial priors along with spectral constraints, images of total hemoglobin, oxygen saturation, water, and scatter are obtained.
parameters (not shown here), described by scatter amplitude and power (wavelength independent), stayed approximately constant until a pO 2 of 11 mm Hg, beyond which both show some variation, which could be the result of crosstalk between the two parameters. Above 11 mm Hg, scatter amplitude has value of 0.92 Ϯ 0.04 when the wavelength is in microns, and scatter power has values 1.49 Ϯ 0.14. The reduced scattering coefficient stayed constant throughout, as shown for 785 nm, in Fig. 4c , with a mean of 1.3 Ϯ 0.03 per mm.
It is important to note that in addition to the Hill curve found here, changes in the solution pH or CO 2 concentration will affect the shape of this curve and the level of a few mm Hg change in the P50 point. The values used in the solution here were for saline solution, which is typical of the pH of many tissues, although within tumor tissues, the slightly higher acidity could shift this curve a few mm Hg at most.
Correlation of oxygen saturation with radiographic density. With measurements from 60 women imaged at the Dartmouth Hitchcock Medical Center under the protocol approved for healthy volunteers, the optical images for the left and right breasts were obtained. The demographic information and the average functional parameters relating to this population size are tabulated in Table 1 . By using the x-ray mammograms of these subjects, they were classified into four categories given by BIRADS as (a) almost entirely fatty, (b) scattered fibroglandular, (c) heterogeneously dense, and (d) extremely dense. Optical data from each examination were calibrated and used to reconstruct for the functional images. Artifacts sometimes are found near the boundary; hence, the imaging field evaluated was reduced by 12% of the total breast diameter for each cross section to compute the breast average and SD. Each of the functional parameters was then tested for the ability to separate the radiodensity categories by using statistical analysis comprising a random coefficients regression model. Following previous results (59), possible correlation between the left and right breasts of an individual was taken into account in the statistical model. Some of these results were described in Srinivasan et al. (67, 68) . This analysis showed that oxygen saturation could separate the heterogeneously and extremely dense breasts from predominantly fatty breasts with statistically significant p values of 0.038 and 0.035, respectively. Table 2 gives the coefficients and standard errors along with p values for each of the correlations tested for oxygen saturation. Figure 5 shows a box-plot of oxygen saturation for each of the density categories and illustrates the trend of reduced oxygenation with increasing density. Density of tissue is correlated to the fibroglandular volume fraction (81) , and it is well known that cancers evolve from the glandular areas of tissue; this tissue is also more metabolically active when compared with adi- Results from a volunteer with an infiltrating ductal carcinoma. By using measurements from a 73-yearold female volunteer diagnosed with infiltrating ductal carcinoma, optical functional images were obtained as part of the study to investigate the potential of these images in diagnosis. Figure 6a shows a magnified close-up mediolateral view of the mammogram of the patient. The mammograms revealed a speculated mass of size 25 mm (maximum focal diameter) peripherally located at 2:30 clock-face position with architectural distortion over a larger area. A core-needle biopsy was used to diagnose the mass as an infiltrating ductal carcinoma with lobular features. The NIR measurements were obtained 2 weeks after the biopsy and by using spectral image reconstruction, the functional images were obtained and are shown in Fig. 6b , excluding scatter. The breast diameter corresponding to the plane of measurement was 104 mm, and the subject had a heterogeneously dense breast.
DEVELOPMENTS IN OXYGEN SATURATION IMAGING
The tumor is clearly visible as a localized increase at the right side of the images, close to 2 o'clock position, in all of the NIR images. Total hemoglobin shows nearly 2:1 contrast in tumor versus background. Oxygen saturation shows a reduction in the tumor region, indicative of a potential hypoxic situation. The ability to image hypovascular or hypoxic areas of the tumor has repercussion in predicting radiotreatment response, yet has not been extensively tested with NIR imaging (49) . An increase in water content as well as in scatter was also observed. The av-SRINIVASAN ET AL. 8 erage and standard deviation of Hb T , S t O 2 , and water in the tumor region (defined by a region within the full-width half maximum of the peak value) and the background are shown in Fig.  6c and are indicative of the quantitative differences observable through the functional parameters. Oxygen saturation, in particular, was reduced from an average of 56.4% in the background to 43.6% in the tumor.
Section II: Using MR-guided NIR tomography system
Representative images from healthy volunteers without clinically detected abnormalities. As part of the Dartmouth protocol to study healthy volunteers (without clinically detected abnormality) in the hybrid MR-guided optical system, 11 volunteers have been imaged to date. For each patient, the optical measurements were obtained in parallel with the MR examination, and the MR images were used to guide the image reconstruction, as described earlier. This ensures the resolution of MR as well as the functional aspect of NIR imaging. A 2-D mesh was created for the plane of optical measurement, by segmentation of the MR for the corresponding plane, with tags for fibroglandular and adipose regions. The calibrated data were then used along with this mesh for reconstructing the functional images; some representative images for total hemoglobin, oxygen saturation, water content, and scatter are shown in Fig. 7 for six of these patients. No particular trend is visible in oxygen saturation in these images. The main features in general are an increase in total hemoglobin, water, and scatter power in the fibroglandular areas compared with the adipose regions. Oxygenation either stays approximately homogeneous or shows a reduction in the denser tissue regions compared with adipose areas. The average values for each of these parameters, with standard deviation obtained from the images, was analyzed for statistical correlations with tissue types and presented in Brooksby et al. (9) . An interesting correlation that surfaced is that the percentage of adipose tissue in the breast correlated with the adipose-tissue oxygen saturation (p ϭ 0.027 for slope significantly different from zero). Figure 8 shows this correlation graphically. The segmented MRI in the NIR imaging plane provided estimates of the adipose tissue by area, which could possibly be related to body mass index. For these 11subjects, the percentage adipose tissue by area ranged from 49 to 86, with an average of 70. A paired t test confirmed that subjects with scattered radiographic density had a higher percentage adipose content than did those with heterogeneously dense, or extremely dense breast tissue (r ϭ 0.30; p Ͻ 0.001). This correlates well with essentially the same: the sampling of the spectra of oxy-and deoxyhemoglobin. These estimates were expected to become more accurate with increasing prior knowledge, in this case from MRI, as the accuracy of the data is improved with the superior localization of the different tissue types.
Results from volunteer with infiltrating ductal carcinoma. One case report of a 29-year-old volunteer who underwent the MR-NIR examination is shown here. She was diagnosed through a mastectomy, after undergoing neoadjuvant chemotherapy, as having a 20-mm infiltrating ductal carcinoma in the breast. The MRI was used to segment the fibroglandular and adipose areas of the breast and create a 2-D mesh, and a contrast-enhanced MRI was used to provide tumor location in the mesh. By using measurements from the NIR system obtained concurrent with the MRI, and after suitable calibration, image reconstruction was carried out by using the patient-specific mesh. Figure 9a shows the contrast MRI followed by the optical images in Fig. 9b-d for total hemoglobin, oxygen saturation, and water. Consistent with the trend found in the malignancy studied in the previous case study, this subject also showed an increase in total hemoglobin, water, and scatter in the location of the tumor, along with a decrease in oxygen saturation in the tumor. Consistent with the trend observed in the healthy volunteers, the fibroglandular region shows higher total hemoglobin and slightly reduced oxygenation, when compared with the adipose tissue regions. Some artifacts are observable in the water images close to the outer boundary, possibly because of hypersensitivity of the measurements to changes in this area. The MRI showed some necrosis in the slice right below the imaging plane, and this is possibly captured in the oxygen-saturation image as a reduction.
DISCUSSION
Whereas NIR spectroscopy to quantify oxygen saturation has had a long history over the past three decades (36), a productive level of success the ability to image oxygen saturation quantitatively with high accuracy has remained somewhat elusive. Recent data in breast imaging shows excellent potential (17, 60) , yet a need exists to use more wavelengths and combine the approach with standard imaging technologies. Much of the work discussed here has been focused on the use of NIR as a low-cost add-on to MRI. This approach has the potential to image millimeter-scale tumors along with their functional characterization. Clearly, resolution depends on how much of the MR information is incorporated into the optical images, through the meshing and the algorithm for implementing the prior structural information. Currently, effort is under way to increase the resolution of the meshes and move toward fully automated 3-D imaging capabilities. The priors have been implemented in a manner that they merely guide the image reconstruction so that no hard constraints are imposed on the functional parameter recovery itself. This ensures reconstruction of false-positives as well as false-negatives from MRI, in the optical images.
Both the stand-alone NIR system and the hybrid MR-NIR system have been calibrated through several experiments involving tissue-simulating phantoms (11, 66) . The use of blood and Intralipid, along with agents like gelatin, have mimicked the constituents of the breast and its stiffness so that the spectral features could be accurately reproduced (54) . Although the results were specific to the phantom types and complexity, as well as size of inclusions, for a tumor size of 8 mm and larger, the expected error in quantification is 15% and lower with the SRINIVASAN ET AL. 10 stand-alone system (4, 58) . This accuracy is expected to increase with the use of spectral priors (69) and to be extended to smaller sizes with the MRI information. The range of the average values for the NIR parameters measured by using clinical data from healthy volunteers with both the optical systems is also consistent with values from the literature (15, 24) . The results of using experimental data mimicking hypoxia of tissue through slow deoxygenation of a blood-Intralipid sample indicate the ability of optical tomography to image low-oxygenation conditions. The average error in recovering oxygen saturation was 7.7% mean error, with worst accuracy close to zero pO 2 : even Ͻ20 mm Hg, oxygen saturation was obtained with Ͻ15% mean error. As expected, total hemoglobin, water, and scatter stayed constant with this change in oxygenation, indicating that we could monitor pO 2 changes without significant crosstalk between the parameters. Indeed, the experiment was carried out by using a homogeneous phantom, and the accuracy may be reduced somewhat when extended to heterogeneities. We have simulated hypoxic conditions in simulations with noise and found results for all functional parameters accurate with an average error of 15%, for up to 5% noise in measurements (65) . Unfortunately the largest errors in predicting oxygen saturation are at the lower end of the oxygenation values, where the pO 2 values are Ͻ10 mm Hg. This is unfortunate, as this range is where the most relevant information would be about malignant tumors; however, the ability to obtain truly accurate values is probably less important than the ability to obtain reliable relative values. Still, quantitative interpretation of SO 2 values in terms of radiologically hypoxic areas of tissue may be difficult if not unreliable with the current technology. Improvements in adding more wavelengths to the spectroscopy system have been shown clearly to increase the accuracy of predicting oxygen saturation at these lower values.
In the two case studies involving imaging volunteers with cancers, oxygen saturation decreased in both malignancies at the location of the tumor compared with the surrounding tissue, agreeing with predictions of hypoxia in cancers. Additionally, the MRI of the second subject imaged in the hybrid system revealed areas of necrosis in the tumor, which was likely reflected in the oxygen saturation. The hybrid system of NIR add-on to MRI allows visualization of this change at a much higher resolution than the stand-alone NIR system, providing accurate delineation of hypoxic tissue segments.
In results presented earlier, oxygen saturation could separate heterogeneously dense and extremely dense tissue from adipose tissue with statistically significant p values of 0.038 and 0.035, respectively. The occurrence and risk of cancers is higher in mammographically dense breasts (2, 73) ; clearly some aspect of the dense tissue results in the growth of carcinogens in the epithelium for the women in whom cancer is developing (73) . Thus, radiographic density may be thought of as a marker of the metabolic activity of the breast: the denser the breast, the more metabolically active and higher the risk of cancer. Scattering measured by using NIR systems has already been shown to be a noninvasive risk predictor (3, 62) ; oxygen saturation may provide yet another surrogate measure of this risk factor. In addition, breast density and rapid tumor growth are primarily responsible for decreased mammographic sensitivity in younger women (13) , and oxygen saturation can address both of these issues.
Oxygen saturation also reduced with decreasing percentage of adipose tissue as imaged by the hybrid MR-NIR system, again reinforcing this conclusion, because adipose tissue percentage is inversely related to radiographic density. The adipose tissue fraction varies with factors such as age and body mass index.
CONCLUSIONS
Understanding healthy and diseased tissues in vivo through a noninvasive mechanism is a powerful tool in medical diagnostics and imaging. The results presented here agree with observations from radiology and pathology, as relating to vascular trends with radiographic density in healthy breast tissue and hypoxia to malignancies. Combined with MRI, this dual-modality imaging yields millimeter resolution images relating to the vascular and molecular architecture of the breast and will potentially reduce the unnecessary biopsies to determine diagnosis in the future.
